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R P
SUMMARY P\

A number of synthetic stellar spectra have been computed in order to derive
the nitrogen abundance of the subgiant v Indi. These spectra cover the (o, 0)
sequence of the violet CN band and have been computed for various nitrogen
abundances. By comparing the computed spectra with the observations it is
found that nitrogen is underabundant by a factor of about 1000 relative to the
Sun. This confirms the result of Harmer and Pagel that the deficiency of
nitrogen is greater than the deficiency of carbon and other metals in this star.
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I. INTRODUCTION D

Przybylski (1962) pointed out that the violet CN bands were very weak in the
spectrum of the high velocity subgiant v Indi. He also showed that the spectral
features and UBV colours of the star could not be explained by a binary hypothesis.
Harmer & Pagel (1970) (hereafter referred to as HP) have used the CN bands to
show that v Indi is abnormally deficient in nitrogen. They found that, whilst carbon
and other metals are deficient by a factor of about 15 relative to the Sun, nitrogen is
deficient by a factor of between 60 and 120.

In their analysis, HP used both equivalent widths of individual rotational lines
of the (o0, 0) CN violet band and the depths of the (1, 1) and (3, 3) band heads.
Owing to the great weakness of the CN rotational lines, it is hard to measure the
equivalent widths accurately—the values of log (W) given by HP are —5-40 or
smaller. Furthermore, as HP pointed out, their analysis of the depths of the band
heads required an assumption relating the fractional depression of the continuum to
the curve of growth shift, X, which is proportional to the CN line absorption
coefficient. The depths of the band heads are also affected by the instrumental
profile of the spectrograph used to observe the star.

The analysis of molecular bands in stellar spectra is facilitated by the computa-
tion of synthetic stellar spectra, computed for various values of the relevant stellar
atmosphere parameters. Comparison of observation and calculation allows the
determination of the computed spectrum which best fits the observations and

abundance.

2. CALCULATIONS

Wavelengths for many rotational lines of the CN violet band have
lished by Weinard (1955), who has also given formulae enabling wavelérigt
other lines to be computed. The branch, rotational and vibrational q@antum
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number, J and v, and wavelength of each of the CN lines have been written on
magnetic tape, the wavelengths being computed from Weinard’s formulae or slight
modifications thereof. The doublet splitting was allowed for by adding a term
+0-0008J to the wavelengths given by the formulae. The magnetic tape also
contains data on other molecular and atomic lines, taken from numerous sources,
details being given in Bell (1970).

Two model atmospheres were computed using the temperature-optical depth
relation given by Krishna Swamy (1967) viz

T4r) = 2Tert*(r+1-39— 0549 exp (—0-767) — 0-3 exp (— 127))

which is intended to represent the solar temperature—optical depth relation. Teyy is
the effective temperature. The opacity sources allowed for were H, H-, He—, Mg 1
and Si1 (Travis & Matsushima 1968), electron scattering and Rayleigh scattering
by H and Ho.

The six-colour photometry of Kron, Feinstein & Gordon (1966, unpublished)
and raeasurements of neutral and ionized lines indicate that the effective temperature
of v Indi is lower than that of the Sun by between o-10 and o-15 in fers, where
fert = 5040/Tets. The curve of growth analysis of the star, to be discussed in detail
in a later paper, yields [Fe/H] = —1-0 for Aflesy = o-10 and [Fe/H] = —1-2 for
Afeps = o-15. The spectroscopic values of the surface gravity are g = 1000 cm s—2
and 250 cm s72 for Afesr = o-10 and o-15, respectively. The Parallax Catalogue
value of 0”-030 gives M, = +2-7 and with Afes¢ = o-15 and assuming the mass of
v Indi to be one solar mass, we find g = 2500 cm s~2. However, the individual
parallax determinations are discordant, being 0"-046 (Yale) and 0”011 (Cape), and
the spectroscopic gravity seems to be preferable to that derived from the parallax.
The influence of surface gravity on the results is examined subsequently. The
parameters used for the model calculations were, therefore, Afesr = 0'10 and
2 = 1000 for the hotter of the two models and Afesr = o015 and g = 250 for the
cooler and it was assumed that all the metals showed the same underabundance
as iron. The hydrogen to helium ratio was taken to be 16 by number.

The model atmospheres and the magnetic tape containing data on the CN and
other molecular and atomic lines then served as input data for the program which
computed synthetic spectra for » Indi. A complete description of this program has
been given elsewhere (Bell 1970). However, a few points are particularly relevant to
the present problem.

HP have used the equivalent widths of CH lines to show that [C/H] = [Fe/H]
on the assumption that [O/H] = [Fe/H]. It is necessary to assume an oxygen
abundance to derive a carbon abundance because of CO formation. The HP
abundances have been usd in the present paper. Cohen (1968) and Cohen & Strom
(1968) have also found {C/H] = [Fe/H] in metal deficient stars. However, the exact
values of carbon and oxygen abundances, and the gravity used for the model, are
not critical as far as the CN abundance determination is concerned as long as the
observed and computed CH equivalent widths agree. The partial pressures of CH
and CN are given by p(CH) = p(C).p(H)/Kcr and p(CN) = p(C).p(N)/Kcx and
if the computed CH equivalent widths are correct then the partial pressure of free
carbon, p(C), is then adequately known for the purpose of computing the partial
pressure of CN. Since the partial pressures will vary with optical depth, as will the
fraction of carbon locked up in CO, and the computation of CH lines requires
knowledge of the relevant CH parameters some error in the CN calculations will
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occur from uncertainty in the abundance of free carbon. However, this error is
certainly less than a factor of two.
The solution of the molecular equilibria equations with

[C/H] = [O/H] = [Fe/H]

and an assumed nitrogen abundance gives the number of CN molecules per gram of
stellar material, N(CN), as a function of optical depth. The line absorption co-
efficient at the centre of a CN line is

lo = const N(CN). Sy.fv' v exp (— (Go(2")+ By J(J + 1))he)[RT)

where Sy is the Honl-London factor, f,” the Franck-Condon factor (Jarmain &
Fraser 1953) and the exponential term. allows for distribution over the vibrational
and rotational levels. The constant contains atomic constants and the electronic
oscillator strength and its value was obtained by fitting observed and computed
lines of the CN (o, 1) band in the solar spectrum. The line absorption coefficient at
wavelength A, [(}), is computed as a function of optical depth from the equation

lu()\) = Z l()’ iH(a, u@)

where H(a, u;) is the Voigt function with u; = (A—A;)/AXp and [y ; is the line
absorption coeflicient at the centre of the 7th line, which has wavelength A; . HP
(private communication) have determined a total Doppler-broadening velocity
(DBV), v, of 1-8 km s~ for iron. "This velocity contains both thermal and turbulent
terms. The thermal velocity of CN molecules will be higher than that of iron atoms,
owing to their lower mass, and if the microturbulent velocity is the same the DBV
of CN will be 2-1 km s~1 while that of CH will be 2-6 km s, For convenience, the
value of 1-8 ki s™1 was used for both CN and atomic lines but 2:6 km s~ was used
for CH lines. Since the CN lines are weak, the equivalent width of an individual
line will be independent of DBV. In the present case the overlapping of the CN line
absorption coefficients does depend on DBV but the strength of the band, which is
composed of many weak lines, will be independentof DBV. The damping constant,
a, for v Indi is computed from the collisional damping constant relation

log;? = logpp

0 v
“-+07log ———log—
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and the solar damping constant, the pressures and temperatures being evaluated at
an optical depth of o-1 in the respective model atmospheres. The solar damping
constant is taken to be 0-018. The damping constant is important only when strong
lines are being considered and does not affect the weak bands of CN in v Indi.

The line absorption coefficient is integrated over optical depth to give the
optical depth in the line and the emergent flux in the line, F(}), evaluated by four
point gaussian quadrature. The source function is taken to be the Planck function.
The fluxes are computed at wavelengths o-02 A apart. The continuum fluxes, F,,
are also computed and the residual intensity, R(A), given by R(A) = (F,— F(X))/F,,
found as a function of wavelength.

The spectra of v Indi used by HP and for the present paper were photographed
at a dispersion of 6-7 A mm~1. At this dispersion, the influence of the instrumental
profile of the spectrograph on the observed spectrum is quite considerable and must
be allowed for in any comparison of observed and computed spectra.
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Veth (1969) and Griffin (1969) have used lasers to determine instrumental
profiles for high dispersion stellar spectrographs. Veth has shown that the profile of
the Ondrejov coudé spectrograph is the convolution of the intensity distribution of
light on the photographic plate with the photographic spread function, S(A), A being
the distance from the line centre. The central part of the profile is dominated by
S(X) and the observed profile departs from this only at intensities less than 1073 of
the central intensity. From Fig. 4 of Veth* we have

S() = exp (—|Al/g) (1)

for the central part of the profile and we define A;, A2 such that S(A;) = o-o1 and
S(Xg) = o-oo1. Thus, from equation (1)

Ay Aq
f S() d) = 100 f SO dx.
0 Ay

Consequently in the convolution of S(A) with the observed spectrum the effect of
ignoring the part of the instrumental profile with A2 > A> A1 can produce at most a
difference of 1 per cent in the intensity of the observed spectrum at any wavelength.
If we assume the above formula holds for the Radcliffe spectrograph then, from
tracings of weak iron lines we find A1 = 0-53 Aand Az = 079 A, the half-half width
being 008 A.

The instrumental profile measured by Griffin departs from equation (1) at an
intensity of about 10-25 of the central intensity and the wings contribute more to
the profile. Following Veth and Griffin the errors caused by neglect of instrumental
profile wings will amount to, at most, about 0-04 in computed residual intensity.
This maximum error will occur only when the residual intensity in both wings of
the instrumental profile differs by unity from that in the profile centre, a circum-
stance which does not occur when considering the CN bands. However, it would
clearly have been desirable to have laser measurements of the Radcliffe profile rather
than rely on measures of weak comparison lines, since uncertainties in the centre of
the profile will also affect the computed spectrum.

The adopted instrumental profile is indicated, for comparison purposes, in
Fig. 1(c). The computed residual intensities were convolved with this instrumental
profile and then plotted using a Calcomp plotter. Examples of these plots are given
in Fig. 1 (2)~(d), the CN lines being computed for various nitrogen abundances.
The observed spectrum, represented by the dashed line, is also given in these
figures.

Owing to the weakness of the CN lines, as may be seen from cursory inspection
of Fig. 1, 2 number of atomic lines can be seen in the wavelength region shortward
of the (0, 0) CN band head. The profiles of most of these are satisfactorily re-
presented in the calculations but other lines require changes in their oscillator
strengths or in element abundances to give good agreement between observation
and calculation. The Fe1 line at A3883.28 obscures the (o, o) band head. The
computed intensity of the A3882.33 (Ti1) line is too weak whilst the agreement
between observation and calculation for the A3881.87 (Co1)—A3881.92 (Niir)
blend is quite satisfactory.

* Tt should be noted that Veth’s formulation of S(A) for the central and wing profiles as
given in the text of his paper should be interchanged, to make them compatible with Veth’s
Fig. 4 and with Griffin’s wing formula.
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F16s 1(a), (b), (¢) and (d) show the observed spectrum of v Indi, represented by the dashed
line, and a number of synthetic spectra, represented by the solid lines. The synthetic spectra
have been computed for different nitrogen abundances. For Fig. 1(a) the strongest CN band

has been computed with [N/H] = —1-o. The other abundances used in Fig. 1(a) are
[N/H] = —1'5, —2°'0, —2'5 and —3-0. The spectra shown in Figs 1(b), (c) and (d) have
been computed for [NJH] = —2-0, —2'5 and ~ 3-0, the CN lines sometimes being so weak
that the latter two are indistinguishable. The arrows represent the wavelengths of the band
heads.

The tnstrumental profile is shown, in emission, in Fig. 1(c).
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3. RESULTS

Spectra computed for the hotter model, Afesr = o-10, are shown in Fig. 1
(2)—(d) for the wavelength regions around the (o, o), (1, 1), (2, 2) and (3, 3) band
heads. There is, however, overlapping of the different bands, and lines of the (1, 1)
band can be seen in the diagram showing the (2, 2) band head. The theoretical
spectra shown in Fig. 1(a) have been computed using nitrogen abundances, [N/H],
of —1-0, —1-5, —2-0, ~2-5 and — 3-0 whilst the theoretical spectra of Figs 1(b), (c)
and (d) have been computed for [N/H] = —2-0, —2'5and — 3-0. By comparing the
computed spectra with the observed one, it is seen that the nitrogen abundance is
certainly less than [N/H] = —2-0 and in fact may be lower by a further factor
of ten. Unfortunately the CN lines are so weak that the residual intensities in the
observed spectrum are strongly affected by the location of the continuum. If
greatest weight is given to the wavelength region just shortward of the (o, o) band
head, where the CN lines are strongest, [N/H] = — 3-0 appears to be the best value
of the nitrogen abundance. The spectra computed using the cooler model,
Afegp = o015, are very similar to those computed using the hotter model and give a
similar nitrogen abundance.

As well as the continuum location, the nitrogen abundance derived above is
subject to uncertainties caused by uncertainty in the electronic oscillator strength
and in the carbon and oxygen abundances and the gravity of the star. The damping
constant and Doppler-broadening velocity do not affect the results. The electronic
oscillator strength, derived by fitting observed and computed equivalent widths of
CN lines of the (o, 1) band in the solar spectrum, is probably correct to within a
factor of two. Increasing the gravity of the model, for fixed carbon, nitrogen,
oxygen and hydrogen abundances, will decrease the strength of the CN lines since
the increase in pressure (Warner 1964) will increase the fraction of carbon locked up
in CO. Similarly decreasing the carbon abundance or increasing the oxygen
abundance will weaken the CN lines. However, the only way in which the CN lines
can be weakened without simultaneously weakening the CH lines is by decreasing
the nitrogen abundance. The uncertainty in nitrogen abundance, due to uncertainty
in carbon and oxygen abundances and in the gravity, is estimated as a factor of two
since the equivalent widths of the CH lines, computed from the models of Section 2,
are in good agreement with observation. In view of the uncertainty in gravity and in
the instrumental profile and continuum location, the best estimate of nitrogen
abundance is [N/H] = — 3-0, although it may be as high as —2-5 or as low as —3-3.

It is not certain that the accuracy of the nitrogen abundance determination will
be greatly improved by observingthe violet CN bands in » Indi at higher dispersion.
The reason for this is the uncertainty in continuum location. It is clearly of import-
ance, for nucleosynthesis reasons, to obtain a nitrogen abundance which is as
accurate as possible and consequently it would be of great interest to observe the
ultra-violet NH bands in » Indi and other metal deficient stars. The rotational lines
of these bands are very strong in the solar spectrum (Moore, Minnaert & Houtgast
1966). They should consequently be visible in the spectrum of » Indi, since their
intensity is dependent on NH abundance, which is affected by the nitrogen under-
abundance, whilst the CN bands depend on the CN abundance which is affected by
‘the underabundances of both carbon and nitrogen. The analysis of v Indi would be
materially assisted by simultaneous analysis of a star such as HD 25329, which is
metal deficient but which has sufficiently strong CN bands for them to be used to
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determine a nitrogen abundance. It would also be of great interest to observe the
ultra-violet OH bands since they could be used to yield an oxygen abundance.
Owing to the complexity of the A3300 wavelength region it will be necessary to use
synthetic spectra to analyse the OH and NH bands.

4. CONCLUSIONS

A comparison of observed and computed spectra for the (o, o) sequence of the
CN violet bands gives a nitrogen abundance of [N/H] = — 3-0 for v Indi. However,
the uncertainties in gravity, continuum location, instrumental profile and electronic
oscillator strength may cause the abundance to be as high as [N/H] = ~2-5 or as
low as [N/H] = —3-3. Observation of the ultra-violet NH bands may give a more
accurate nitrogen abundance.
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